mobile DNA elements that are prevalent in many eukaryotic genomes, accounting for over 40 % of the human genome (Lander et al. 2001) . They replicate themselves by reverse transcribing their RNA transcripts and inserting the resulting DNA copies at new genomic locations. This copy-paste mechanism increases genomic copy numbers of these elements, and their replication is restricted to the cells in which they reside. Retrotransposons are significant sources of genetic variation for evolution, and their unrestricted mobility can be detrimental by causing genome instability (Huang et al. 2012) . They are debated as primarily having negative short-term effects on individual cells and organisms through their mutagenic potential or as being important sources of genetic variation that could be beneficial to cells and organisms at a population level, particularly in times of stress.
Retrotransposons and aging
Expression of one or more types of retrotransposons increases with age in budding yeast, C. elegans, D. melanogaster, mice, and human cells (De Cecco et al. 2013a, b; Dennis et al. 2012; Hu et al. 2014; Li et al. 2013; Van Meter et al. 2014; Wang et al. 2011) (Fig. 1) . These observations have mostly involved measurements of RNA levels, but increased protein levels with age were reported for Cer1 elements in C. elegans and gypsy elements in D. melanogaster (note that gypsy is a retrovirus) (Dennis et al. 2012; Li et al. 2013) . Retrotransposition is also elevated in most of these organisms later during lifespan (Fig. 1 ). Higher mobility in somatic mouse tissues and senescent human cells was inferred from increased DNA copy numbers of retrotransposons detected by quantitative PCR (De Cecco et al. 2013a, b; Van Meter et al. 2014 ).
Introduction
Recent work from several research groups has demonstrated that there is a connection between retrotransposons and the aging process. Is this just another curious observation about retrotransposons, or will further research on this topic improve our understanding of the aging process and ability to promote healthy aging? Retrotransposons are Communicated by M. Kupiec.
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Retrotransposition indicator gene assays were used in budding yeast and D. melanogaster to directly demonstrate an increase in mobility (Li et al. 2013; Maxwell et al. 2011; Patterson et al. 2015) . These observations indicate that elevated retrotransposon expression and mobility are common features of aging. Two important questions to address now are whether studying retrotransposons can give us new insights into aging and whether these elements are directly contributing to aging.
Is retrotransposon expression a by-product of loss of cellular function with age?
Aging is associated with functional decline at the cellular and organismal levels, including loss of proper chromatin structure and decreased activity of posttranscriptional gene regulation pathways (López-Otín et al. 2013; Wood and Helfand 2013) . Retrotransposons are silenced at multiple levels, including through epigenetic modifications, transcriptional repression, small RNA-based mechanisms, and other mechanisms of posttranscriptional regulation (Robbez-Masson and Rowe 2015; Slotkin and Martienssen 2007) (Fig. 1) . Their increased expression and mobility with age could simply be a by-product of general decline in the function of the diverse regulatory mechanisms that restrict retrotransposons, rather than an indication that these elements are directly related to aging. If so, this release of retrotransposons could still exacerbate phenotypes associated with aging to compromise healthy aging. Retrotransposons could also potentially provide a useful marker for biological aging. Cells or individuals of a given species of the same chronological age (or replicative age for cells) do not necessarily show equivalent decline in function, so methods to examine biological age as healthy functioning of cells and organisms are important. If increased retrotransposon expression reflects loss of proper gene regulation through multiple regulatory mechanisms, assaying for retrotransposon RNA or protein might prove to be a simple but worthwhile readout of cellular function and biological age. Therefore, if retrotransposon activation is found to be an indirect consequence of aging, further characterization of this relationship could result in approaches to inhibit these elements to ameliorate negative consequences of this symptom of aging, and these elements may provide a novel tool for assessing biological age.
Are retrotransposons directly contributing to aging?
A common consequence of elevated retrotransposition is increased mutations, DNA damage, and other forms of genome instability (Huang et al. 2012) . DNA damage and genome instability are associated with the aging process, though the precise relationship between DNA damage, mutation accumulation, and aging is still debated (López-Otín et al. 2013; Moskalev et al. 2013) . Retrotransposons from diverse organisms can also generate new copies of gene sequences through reverse transcription of cellular RNAs, which has the potential to lead to novel changes in gene expression and function (Beauparlant and Drouin 2014; Beck et al. 2011; Derr et al. 1991; Esnault et al. 2000; Maxwell and Curcio 2007) . Occasional escape of retrotransposons from silencing early in lifespan could promote genome instability, which in turn could further promote retrotransposition through the positive influence of DNA damage on retrotransposition Farkash et al. 2006; Stribinskis and Ramos 2006) . Coupled with the stimulation of retrotransposition by oxidative stress (Giorgi et al. 2011; Stoycheva et al. 2010 ) and progressive reduction in silencing mechanisms later in lifespan, retrotransposons could make a more direct contribution to the aging process. Loss of piwi-interacting RNA-based silencing mechanisms that restrict retrotransposons in the mouse germ line can cause male sterility due to failure in germ line development (Carmell et al. 2007; Kuramochi-Miyagawa et al. 2008) , and overexpression of L1 retrotransposons or one of their proteins in cultured human cells can lead to apoptosis (Haoudi et al. 2004; Wallace et al. 2008 ). These and other observations indicate that unrestricted retrotransposition can have severe consequences. Results from budding yeast and fruit flies are consistent with retrotransposition promoting genome instability or activating DNA damage checkpoints during the normal course of aging (Li et al. 2013; Maxwell et al. 2011; Patterson et al. 2015) . Retrotransposition is elevated early during the lifespan of actively dividing mother cells in budding yeast and could contribute to cellular changes that reduce function later in lifespan (Patterson et al. 2015) . While further work is needed to provide direct evidence that retrotransposition is a significant source of genetic damage as organisms age, pursuing this research could establish retrotransposition as an additional factor that negatively influences lifespan and help us to understand what forms of genome instability are relevant to aging.
Could investigations of retrotransposons and aging still yield insight into the aging process if retrotranspositioninduced genome instability does not turn out to have a significant influence on loss of health with age? Retrotransposons interact with many cellular factors as they attempt to replicate, such as cytoplasmic RNA granule components (P-bodies and stress granules) and autophagy proteins (Checkley et al. 2010; Dutko et al. 2010; Goodier et al. 2010; Guo et al. 2014; Suzuki et al. 2011) . Typically, such interactions are studied from the perspective of how such 1 3 proteins and pathways regulate retrotransposons. Viruses interact with cellular factors and frequently perturb the activity of those factors to promote viral replication, such as interactions of some viral proteins with components of P-bodies and stress granules (Reineke and Lloyd 2013) . Retrotransposons have more limited coding capacity compared to viruses, but could retrotransposons also perturb the cellular environment to favor their own replication? If so, changes in the activity and availability of the relevant cellular factors could in turn have consequences for healthy aging. If not, regulatory interactions between retrotransposon RNA/proteins and diverse cellular factors could still alter the activities of these factors in ways that influence lifespan and healthspan (Fig. 1) .
Expression of retrotransposons could use up cellular resources needed for posttranscriptional regulation of other targets and to maintain proteostasis, based on the factors noted above that regulate retrotransposons. This perspective is analogous to proposing that abundant protein aggregates in certain diseases use up or inhibit protein degradation activity, preventing cells from appropriately degrading other protein targets. Dedicating cellular resources to restricting various steps in retrotransposon expression and replication could compromise the ability of cells/organisms to maintain healthy function over their lifespan. Studies involving retrotransposons could provide alternative perspectives for evaluating the roles of such proteins and pathways in aging.
The results of a few recent studies are particularly relevant to the possibility that retrotransposon expression influences aging, regardless of completion of retrotransposition. Transcription of human Alu retrotransposons was found to promote DNA damage at sites of Alu elements in senescent adult human stem cells (Wang et al. 2011) . Retrotransposons were major genomic sites of DNA damage in these cells, and inhibiting Alu transcription improved self-renewal capability of senescent cells. This appeared to result from Alu transcription inhibiting access of condensin I and cohesin to those genomic sites (Wang et al. 2011 ). The retinal pigmented epithelium from human patients with age-related macular degeneration and from mouse models for this condition exhibits a loss of DICER1 activity and elevated Alu RNA levels (Kaneko et al. 2011) . Alu RNA in this context has been shown to induce a toxic response involving activation of the NLRP3 inflammasome and apoptosis (Kim et al. 2014; Tarallo et al. 2012) . Analysis of chronological aging (non-dividing cells) in budding yeast strains with no Ty1 retrotransposons or high Ty1 genomic copy number revealed that strains with Ty1 lived longer in the presence of certain stress conditions (VanHoute and Maxwell 2014) . Lifespan extension in strains with Ty1 did not correlate with Ty1 mobility, but may instead depend on expression of Ty1 proteins or early steps in the replication process (VanHoute and Maxwell 2014). There is no direct evidence yet to address whether any of these effects could represent examples of retrotransposons directing cellular activities to favor their replication. They do lend support to the notion that production of retrotransposon RNA or protein may lead to cellular changes that then influence how cells age. Retrotransposons could therefore provide novel means of investigating how a variety of cellular factors and pathways relate to aging.
Looking for overlap between genes that regulate lifespan and genes that regulate retrotransposition could provide a preliminary assessment of the relationship between retrotransposons and aging. A number of large-scale studies have been performed in S. cerevisiae to identify genes that regulate chronological lifespan (aging of non-dividing cells), replicative lifespan (aging of dividing mother cells), and retrotransposition (for some examples see Fabrizio et al. 2010; Griffith et al. 2003; Irwin et al. 2005; Kaeberlein et al. 2005; Matecic et al. 2010; McCormick et al. 2015; Nyswaner et al. 2008; Risler et al. 2012) . The Saccharomyces Genome Database (http://www.yeastgenome. org) maintains an updated list of phenotypes associated with any S. cerevisiae genes. From these data, 1,254 genes influence the phenotype category "chronological lifespan", 487 genes influence "replicative lifespan", and 470 genes influence "transposable element transposition" (dataset updated November 2, 2015). The intersection of data sets for chronological lifespan and retrotransposition or replicative lifespan and retrotransposition includes 180 or 82 genes, respectively. However, based on the fraction of total protein-coding genes (including dubious and uncharacterized open reading frames) and RNA genes in the individual data sets, only 84 or 33 genes, respectively, would be expected in each intersected data set by random chance (p < 10 −5 for observed vs. predicted fractions of genes by Fisher's exact test). This simple analysis is consistent with at least three possibilities that are not mutually exclusive: (1) common genetic pathways regulate lifespan and retrotransposons, (2) changes in lifespan indirectly influence levels of retrotransposition, or (3) changes in the activity of retrotransposons influence lifespan. Much more work will be required, though, to have a good understanding of the relationship between retrotransposons and aging.
Summary
Many details of the relationship between retrotransposons and aging remain to be determined, so the final outcome of this research is difficult to predict. Retrotransposons may not directly influence lifespan, they could have direct negative consequences, or may even have unexpected positive consequences for lifespan. Regardless of these outcomes, continued work on this topic is likely to provide useful experimental tools and provide unique insights relevant for improving healthy aging. Fig. 1 Relationships between retrotransposons and aging. Retrotransposon sequences are transcribed into mRNAs that are exported into the cytoplasm (1), translation produces proteins that associate with the RNA transcripts in ribonucleoprotein particles or virus-like particles (2), and reverse transcription of the RNA and integration of the DNA copies at new genomic sites is carried out by these proteins (3). Example mechanisms regulating retrotransposon expression and replication are shown ("Regulation"), and proper function of these mechanisms can promote lifespan and healthspan (t-bar to "Aging"). Retrotransposon expression could potentially overburden or perturb the function of these mechanisms (dashed arrow). Aging stimulates retrotransposon expression and mobility (solid arrows from "Aging"). Whether retrotransposon expression and mobility directly promote aging is under active investigation (dashed arrows to "Aging")
